Abstract-The identification of the X-ray 3.55-keV line as a recombination line of the π − tritium mesoatom is proposed. The formation of such an atom under standard astrophysical conditions without invoking new physics is shown to be possible in principle.
INTRODUCTION
The soft X-ray observations of various astrophysical objects, both continuum and spectral ones, currently have a very large database. This type of research has been well developed and allows interesting and important information about the sources to be obtained. Among the results, there can be unexpected, difficult-to-explain, and hypothesisgenerating ones. The discoveries that may require invoking laws of new physics for their interpretation are especially important. In particular, the detection of an X-ray line with an energy of 3.55 keV is such a discovery (Bulbul et al. 2014 ). An analysis based on standard catalogs has revealed no correspondence of this line to any known lines of highly ionized ions. At present, the situation with the identification of this line is so complicated that the ideas of nonstandard physics of its origin have arisen (Cline et al. 2014; Conlon and Day 2014) . Therefore, a maximally careful study of the possible ways of its identification within the framework of already known physics is very important and topical.
Here, one possible way based on well-known physical processes is proposed. The case in point is the line spectrum of a mesoatom of tritium and helium in which an electron is replaced by a π − meson. The formation of such a mesoatom under standard astrophysical conditions is shown to be possible in principle.
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THE IDEA AND ESTIMATES
In the proposed interpretation, the key is the closeness of the measured 3.55-keV photon energy to the energy of the Lyman continuum quantum (L c ) in an atom consisting of a proton p and a negative π meson (see Anagnostopoulos et al. 2001) . Taking the classical formula for a hydrogen-like atom, given the meson-to-proton mass ratio, we obtain an expression for the energy E n of level n (Landau and Lifshitz 1974):
where Z is the nuclear charge in units of the electron charge, m π is the π-meson mass, e is the electron charge, is Planck's constant, M is the nuclear mass, c is the speed of light, and α = 1/137.036 is the fine-structure constant. For m π c 2 = 139.569 MeV and M = m p = 938.28 MeV (1.0078 a.u.), we obtain
Here, the L c line energy corresponds to n = 1. The difference between this quantity and the measured one (given the measurement accuracy of ∼10 eV in Cline et al. (2014)) obviously does not allow the necessary identification to be made directly. On the other hand, there is one more circumstance that seemingly makes the attempts to form such a mesoatom under standard conditions virtually impossible, the short lifetime of a π meson, τ = 2.6 × 10 −8 s. If it is assumed that we are dealing with the recombination DUBROVICH of a π meson onto a proton, then the free-meson energy should be of the order of the line width, 10 eV. Its velocity v should then be ≈10 7 cm s −1 . Given the meson lifetime, the distance from the proton at which the meson should be produced is less than 0.3 cm, i.e., the meson should be produced in the immediate vicinity of the nucleus. Under laboratory conditions for the investigation of mesoatoms, mesons are produced in a gas dense enough to cool down quickly (Anagnostopoulos et al. 2001) . Under astrophysical conditions, especially in regions where there is only a very rarefied gas in galaxy clusters, this cooling mechanism does not work. Hence we need to consider the reactions of π − production through the scattering of energetic particles by the nucleus onto which this meson will then recombine. At the same time, we should not restrict ourselves only to a free proton.
Consider some low-energy π meson production reactions:
Here, p is the proton, γ is the gamma-ray photon, e − is the electron, Λ is the Λ hyperon, ν e is the electron neutrino, n is the neutron, and Σ − is the Σ − hyperon. Within the framework of the energy and momentum conservation laws, the first reaction produces a close pair p + π − with a nearly zero relative velocity of the particles in the pair, leading to recombination into a mesoatom. However, the required initial energy of the gamma-ray photon is rather high, E γ > 300 MeV, and the produced mesoatom has a very high velocity, which broadens significantly the recombination line. In view of the energy and momentum conservation laws, the second reaction is unable to produce a proton and a meson with very close velocities and, accordingly, does not create a mesoatom as the first reaction does. Therefore, the scattering of an electron by a free proton is unsuitable for our purposes. However, this reaction can produce a meson with a nearly zero momentum. Indeed, from the energy and momentum conservation laws under the assumption that the meson momentum is zero, we have
Here, p p is the final proton momentum. Hence we obtain
Thus, we see that the reaction with zero meson momentum in the final state is possible in principle. This requires that the momentum of the Λ hyperon produced at the intermediate stage be close to p. The difference of the particle rest energies at the beginning and the end of the reaction in parentheses is ΔE = 37.6 MeV and m * = 0.55m p . The final proton velocity is v p = |p|/m p = 0.21c = 6.3 × 10 9 cm s −1 .
Now we can construct a scheme of the process needed to us. A fast electron is scattered by the nucleus of a 4 He atom. The interaction with one of the protons according to reaction (2) gives rise to a slow meson and a fast proton, which flies away from the nucleus with a high speed. In the final state, we have a tritium (T) nucleus and a cold meson. Using the energy and momentum conservation laws in reaction (2), we can easily obtain an estimate for the minimum electron energy E 0 (giving the Λ hyperon momentum |p|) from (5): E 0 ≈ 210 MeV. At such energies of the incident electron, the binding energy of the proton in the helium nucleus can be neglected. It follows from cosmic-ray observations that the required electron energy is not extraordinary. The subsequently produced meson can have a very low energy and, furthermore, a velocity vector directed toward the nucleus. As a result, it jumps downward, emitting a photon with an energy very close to L c . The mass of the tritium (T) nucleus is m T = 2808 MeV (3.0156 a.u.). Substituting this value into (1) yields E γ = 3.540 keV.
If the meson has an energy higher than some value (5-10 eV), then it flies out to a free state with a high probability and has no time to recombine back over its lifetime.
For the picture to be complete, in the case of mesoatoms, it is necessary to take into account the correction to the energy of the ground state due to the strong meson-nucleus interaction. For this purpose, to a first approximation, it will suffice to estimate the fraction of the time spent by the meson in the zone of action of nuclear forces and to multiply it by the typical nuclear interaction energy. For a meson in its ground 1S state, this fraction is approximately equal to the ratio of the cubes of the nuclear radius R N
